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• Venus has a hostile environment with high
temperatures and high CO2 pressure, both
increasing with a decrease in altitude.
• 465oC and 92 atm at the surface
• 27oC and 0.5 atm at 55 km

• Dense and opaque clouds from 65-45 km

• High altitude balloon missions (at 55km) are
feasible and have been successful for 48h
limited by the primary battery energies, which
only survived for 2h in the surface missions.

• Low altitude missions are more challenging
(more so at the surface) due to lack of adequate
thermal stability for the power sources,
electronics and other spacecraft components

• Divided over four zones based on the energy
storage technology options

Venus	Atmospheric	Missions	Limited	by	Its	Environmental	Severity

Here	we	describe	different	energy	storage	technologies	for	different	zones	(altitudes).
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Need	for	Energy	Storage	Systems

• Energy Storage Technology is generally needed to augment
the main power sources

• For load levelling with an RTG (e.g., MSL, Mars 2020)
• To provide power during nighttime.

• Due to the opacity of the Venus atmosphere, photovoltaic
array is less efficient in and below the clouds and needs to
be augmented with a high temperature energy storage

• At the surface or altitudes closer to the surface,
photovoltaic or nuclear power systems (radioisotope
thermoelectric generator) are challenging. High
temperature primary batteries would be only viable near-
term solution.

• Crucial need for new long-lasting power technologies to
enable extended low-altitude aerial mission concepts.

Here	we	describe	three	different	classes	of	power	systems	for	supporting	the	surface	missions,	aerial	platforms	and		
long-duration	variable	altitude	balloons	utilizing	in-situ	resources.
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Fig. 2 Triple junction solar cell efficiency vs. altitude
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Temperature	Ranges	of	Various	Energy	Storage	Technologies

• Different	technologies	exist	specific	to	various	different	missions
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Zone	1	(60-50	km)	High	Altitude	Aerial	Platforms
High	energy	Rechargeable	Batteries		for-10	to	+70oC

Would	support	long-term	exploration	(in	conjunction	with	a	PV	array)	at	60-50	km

• Near-term Option
• High specific energy Li-ion batteries

using COTS technologies
• 260- Wh/kg and 700 Wh/l at the cell

level and ~200 Wh/kg at the battery
level.

• Operational over -10 to 70oC
• Cycle life: 500-100 cycles

• Future Options
• Lithium-sulfur batteries
• >400 Wh/kg at the cell level and

300 Wh/kg at the battery level

TRL	5

TRL	3
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Zone	2	(55-40	km)	High	Altitude	Aerial	Platforms
Fuel	Cells	or	Batteries		for	25	to	+150oC

Would	support	long-term	exploration	(in	conjunction	with	a	PV	array)	at	55-40	km

• Near-term Option
Ø Solid proton exchange membrane Fuel

Cell (PEMFC):
o Perfluorosulfonic acid (PFSA) polymers, e.g.

Nafion®, 25-100oC for 25- 100oC.
o PBI acid-doped polybenzimidazole (PBI)

membrane for 50-200oC.
Ø A novel architecture for 25-150oC

o A PBI-based fuel cell for powering the aerial
vehicle from 55-40 km,

o A Nafion-based electrolyzer for regenerating
H2 and O2 at 55 km,

o Suitable metal hydrides (MH) for H2 storage:
attractive, as they absorb H2 readily at high
altitudes and release at lower altitudes.

o Specific Energy: >300 Wh/kg
o Cycle life: >500 cycles
o Lifetime: >10000 h
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• Future Options (TRL: 2-3)
Ø Rechargeable batteries with solid electrolytes or molten salts
Ø >300 Wh/kg at the cell level and 200 Wh/kg at the battery level

TRL	5

Dual	Fuel	Cell	Power	Source	for	Variable	Altitude	(55-40	km)

• Due	to	the	opacity	of	the	Venus	atmosphere,	orbital/balloon	
observations	are	inadequate	to	take	visible	images	of	the	Venus	surface
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• Same chemistry as the commercially
available sodium-metal chloride
(termed ‘ZEBRA’ batteries) with: i)
molten Na anode, ii) sodium β-alumina
solid electrolyte separator, iii) molten
sodium tetrachlroaluminate catholyte
and iv) solid nickel chloride cathode.

• New high temperature, long cycle and
long calendar life rechargeable battery,
operational from 190oC to 350oC.

• Safer (vs Na-S) and the most mature
high temperature battery system
developed for vehicular applications,
and for grid scale and stationary
applications.

Zone	3	(55-20	km)	Variable	(and	Low)	Altitude	Aerial	Missions	
High	Temperature	Rechargeable	Sodium	Batteries	for	250-350oC

oxygen ions from the packing ȕ"-Al2O3 powders to the samples. The phase structures of 
the as-sintered and converted samples were determined by powder X-ray diffraction 
(XRD). The microstructures of the samples were observed using scanning electron 
microscope (SEM) equipped with an energy-dispersive X-ray spectroscope (EDS) and 
sodium ion distribution across the BASE was examined with SEM/EDS as well. The 
achieved ȕ"-Al2O3 discs had a thickness of 1 mm. The packing ȕ"-Al2O3 powders were 
synthesized using starting precursors of boehmite, Na2CO3 and Li2CO3 via solid-state 
reaction (16,17). 
 
Single Cell Construction and Testing 
 
     The single cell was schematically shown in Figure 1. The converted ȕ"-Al2O3 disc with 
the diameter of 26 mm was glass-sealed to an outer thicker Į-Al2O3 ring. The cell was then 
moved into a glove box and assembled in a discharged state with starting powders 
consisting of Ni, NaCl and small amounts of additives. The powders with the amount of 2g 
were thoroughly mixed and granulated. The granulate was then poured into cathode 
compartment. After a final drying treatment to get rid of all traces of moisture, molten 
NaAlCl4 was vacuum-infiltrated into the granulate at 250°C. A Ni mesh and wire was 
imbedded into the cathode as current collector. At the anode side, a metal shim was 
inserted into the anode compartment and copper wool filled the gap between the electrolyte 
and shim. Anode and cathode end plates were then compressed to the Į-Al2O3 ring with the 
help of alumina washers, as shown in Figure 1. Platinum leads were welded to the 
electrode end plates as current collector. The effective cell area was 3 cm2. 
 
     The assembled cell was placed in a furnace inside the glove box and cell testing was 
carried out using an electrochemical interface (Solatron 1470E, Solartron Analytical) at 
300°C. A constant current of 10 mA was used for initial five charge/discharge cycles. After 
cell performance was stabilized, it was further cycled at a higher rate (e.g., C/3). A low 
current rejuvenation process was employed for each ten higher current cycles to recover 
the cell performance. Microstructure of the cathode after long-term cycling was analyzed 
using SEM/EDS to evaluate its contribution to the cell performance degradation. 
 

 

 

 

 

 

 

Figure 1. Schematic of a sodium-nickel chloride cell with planar design. 
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Cylindrical Flat Plate

Sodium-Nickel Chloride batteries

Sodium-Metal	Chloride	Cell

	

Characteristic	 LiAl-FeS2	 Na-NiCl2	 Na-S	
Operating	Temp	Range,	°C	 400	-	475	 250	-	500	 290	-	450	
Open	Circuit	Voltage,	Volts	 1.73	 2.58	 2.08	
Theoretical	Specific	Energy,	Wh/kg	 490	 800	 755	
Specific	Energy	for	Cells,	Wh/kg	 90-130	 100-130	 130-180	
Specific	Energy	for	Batteries,	Wh/kg	 100	 90-110	 80-120	
Energy	Density	for	Cells,	Wh/l	 150-200	 150-190	 180	
Energy	Density	for	Batteries,	Wh/l	 Near	150	 70-130	 90-150	
Cycle	Life,	cycles	 >1000	 >2000	 2000	

	

	

	

Characteristic	 LiAl-FeS2	 Na-NiCl2	 Na-S	
Operating	Temp	Range,	°C	 400	-	475	 250	-	500	 290	-	450	
Open	Circuit	Voltage,	Volts	 1.73	 2.58	 2.08	
Theoretical	Specific	Energy,	Wh/kg	 490	 800	 755	
Specific	Energy	for	Cells,	Wh/kg	 90-130	 100-130	 130-180	
Specific	Energy	for	Batteries,	Wh/kg	 100	 90-110	 80-120	
Energy	Density	for	Cells,	Wh/l	 150-200	 150-190	 180	
Energy	Density	for	Batteries,	Wh/l	 Near	150	 70-130	 90-150	
Cycle	Life,	cycles	 >1000	 >2000	 2000	

	

	 Batteries	kept	warm	at	all	altitudes

Would	support	long-term	exploration	(in	conjunction	with	a	PV	array)	at	55-20	km
TRL:	5
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• New planar geometries for improved specific
energy and operational capability at lower
temperatures

• Performance: Batteries operate from 190
through 350oC, i.e.,

• High specific energy (>300 Wh/kg) projected
from laboratory cells

• Excellent life (>1000 cycles and 5 years) based
on the solid electrolyte system

• Benefits: Will be leveraged from terrestrial
applications (grid batteries) –Rapid maturation

• Currently under development at GE
(Durathon), Pacific Northwest National Lab
(PNNL), Eagle Picher Technologies
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Figure 1. Schematic of a sodium-nickel chloride cell with planar design. 
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Cylindrical Flat Plate

Sodium-Nickel Chloride batteries

Advanced	Sodium-Metal	Chloride	Cell

Zone	3	(55-20	km)	Variable	(and	Low)	Altitude	Aerial	Missions	
High	Temperature	Rechargeable	Sodium	Batteries	for	190-350oC

Batteries	kept	warm	at	all	altitudes

Would	support	long-term	exploration	(in	conjunction	with	a	PV	array)	at	55-20	km TRL:	4
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Zone	3	(55-20	km)	Variable	(and	Low)	Altitude	Aerial	Missions	
A	Novel	Solid	Oxide	Fuel	Cell	Based	Power	Source	with	In-situ	Resource	Utilization-NIAC	Project

Would	support	long-term	exploration	(in	conjunction	with	a	PV	array)	at	55-20	km

• The	Venus	Interior	Probe	Using	In-situ	Power	and	Propulsion	(VIP-INSPR)		is	a	novel	proposed	architecture	for	
Venus	Interior	Probe	based	on	in-situ	resources	for	power	generation	(VIP-INSPR)	and	navigation.

• This	involves	the	generation	of	hydrogen	and	oxygen	at	high	altitude	from	in	situ resources,	i.e.,	solar	energy	
and	sulfuric	acid/water	from	the	Venus	clouds	or	from	the	water	(steam)	produced	at	low	altitudes	and	
generation	of	power	at	low	altitudes	utilizing	these	resources	in	a	high	temperature	fuel	cell.		

• In	addition,	the	hydrogen	generated	at	high	altitudes	would	also	be	used	as	a	lifting	gas	to	navigate	the	probe	
across	the	Venus	clouds	for	extended	durations	(not	limited	by	power).
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The VEGA balloons were 3.5-meter diameter super-pressure helium balloons.  (An engineering model of the 
balloon is shown in figure 2)  A 7-kg instrumented payload package (figure 2, inset) was carried at the end of a 13-
meter tether.  The payload was powered by primary batteries, with instruments to measure temperature, pressure, 
wind speed, light intensity, and aerosol density, as well as a low-power radio transmitter and system control 
electronics.   

The balloons were deployed and operated in the night hemisphere of Venus, which allowed the mission to be 
designed without thermal engineering to mitigate solar heating, and which put them on the hemisphere facing the 
Earth, allowing the motion of the balloons to be tracked from Earth by radio telescopes.  They were deployed at an 
altitude of about 50 kilometers above the mean surface, and, after inflation, rose to the design equilibrium altitude of 
about 54 kilometers.  The design altitude is at the cloud level of Venus, and was chosen to let the balloons operate at 
a temperature and atmospheric pressure similar to the operating conditions of balloons in the lower atmosphere of 
Earth.  However, the conditions differed from terrestrial conditions in that the balloons were exposed to cloud 
droplets of high-concentration sulfuric acid.  The VEGA balloon gas envelopes were fabricated from fabric of 
woven polytetrafluorethylene ("PTFE," more commonly known under the trade-name "Teflon"), and coated with a 
surface skin also of PTFE,7 a material which is robust against attack by sulfuric acid.  (This is the shiny white skin 
visible on the balloon in figure 2). 

This altitude is within the high-velocity "superrotation" region of the Venus atmosphere, where a constant wind 
moves at a velocity on the order of a hundred meters per second.  This means that over the two days of the mission, 
the balloons traversed about 11,000 km, from the night hemisphere into the day hemisphere.  About two days into 
the mission, the primary batteries were depleted, and contact was lost. 

As a result of the successful operation of the VEGA balloons, there have been many other proposals to fly 
balloons in the atmosphere of Venus,7,8,9,10,11 in order to reach a more detailed understanding of the dynamics of the 
Venus atmosphere.  However, the VEGA balloons operated only in the relatively benign temperature regime of the 
cloud-level, and did not attempt to prove into the higher temperature regions below the clouds. 

 

 
Figure 1: Venus atmosphere, showing the increase of temperature as altitude decreases, with the altitude of the 

cloud and haze layers marked. 
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Fig. 2. Variable-altitude balloon (VIP-INSPR) exploring the inner atmosphere of Venus TRL:	3-4
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KB	#	7

• A	Reversible	Solid	Oxide	Fuel	Cell	(RSOFC)	for	
electrolysis	at	high	altitudes	and	power	generation	
at	low	altitudes.

• High	temperature	tolerant	solar	array	to	provide	
power	to	the	balloon	and	to	the	RSOFC	to	generate	
H2 and	O2 at	high	altitudes

• Harvesting	in-situ	resources	(H2SO4 or	H2O)	in	the	
upper	atmosphere	for	electrolysis	(generation	of	H2
and	O2)

• Hydrogen	storage	in	a	multi-system	wide-
temperature	metal	hydride	(MH)	(absorption	at	low	
T	and	desorption	at	high	T)

• Electrochemical	compression	and	storage	of	oxygen

• Balloon	altitude	control	system	using	MH	to	store	
H2	for	descent	to	low	altitudes	for	subsequent	
power	generation.

TRL	3-4

Zone	3	(55-20	km)	Variable	(and	Low)	Altitude	Aerial	Missions	
VIP-INSPR- Venus	Interior	Probe	using	In-Situ	Power	-NIAC	Project

Would	support	long-term	exploration	(in	conjunction	with	a	PV	array)	at	55-20	km

SOFC	maintained		at	800oC
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Zone	4	Surface	Missions	
High	temperature	and	Long-life	(HiTALL)	Primary	Batteries		(465oC)

• A battery thermally stable on the Venus surface for extended durations and providing high
specific energy.

• Configuration:
• Similar to the current thermal batteries, but with longer life (days vs. minutes).

• Chemistry Improvements
• High capacity anode (Li alloy),
• High energy cathode (metal chalcogenides) with improved stability (no stability / decomposition)
• New molten salt electrolyte with low pressure (mixed alkali metal halides)
• Separators with low self-discharge.

• Specific energy: >150 Wh/kg, energy density: >200Wh/l, long calendar life (>5y) and low self-
discharge (<1%/day) at 500oC.

• Benefits: Lightweight and compact (3-4X vs. SOA) and will support Venus/Mercury surface
missions over long durations (>30 days vs < 2h for SOA).

• Being developed under NASA-HOTTech program

Would	support	long-term	(60	days)	exploration	on	the	surface	of	Venus
TRL:	4
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Fig.	4	Battery	Design	(Similar	 to	thermal	Batteries)
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Fig. 3 SOA vs the HiTALLBatteries for Venus Lander

Zone	4	Surface	Missions	
High	temperature	and	Long-life	(HiTALL)	Primary	Batteries		(465oC)

Table 1: Characteristics of the Venus Lander (HiTALL) BatteriesSchematic	of	a	High	Temperature		Battery Performance	Estimates

Would	support	long-term	(60	days)	exploration	on	the	surface	of	Venus
TRL:	4
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• Similar	to	the	Zebra	batteries	
• Will	develop	advanced	cell	components	and	
materials	commensurate	with	460oC	operation	
and	sufficient	energy	capacity

• Advanced	planar-type	cell	architecture,
• Reliable	glass/Thermo-compression	bonding	TCB	
seal,	

• BASE	with	sufficient	mechanical	strength
• Formula	of	cathode	with	higher	energy	and	
improved	thermal	stability

• Secondary	electrolyte	(molten	salt)	with	low	
vapor	pressure

• High-capacity	and	thermally	stable	Li	alloys

• Proposal	submitted	in	support	of	LISSE	but	not	
supported	(due	to	the	budgetary	reasons

Zone	4	Surface	Missions	
High-Temperature	Tolerant	Advanced	Planar	Na-NiCl2 (HiTTAP-NaNi	(465oC)

Concept	proposed	(together	with	PNNL)	in	support	of	LISSE

 Na-S Zebra IT Na-MH HiTTAP-NaNi 
Anode Molten Na Molten Na Molten Na Molten Na 
Cathode S NiCl2 NiCl2 NiCl2 
Solid-state Electrolyte (SSE) b″alumina b″alumina b″alumina b″alumina 
Shape of SSE Tube Tube Disc Disc 
Temperature (oC) 350 280 190 460 
Specific Energy (Wh/kg) ~150 ~100 ~150 ~150 
Compactness (7x17x17 cm) No No Yes Yes 
Sealing Technology  Glass/TCB Glass/TCB Polymer Glass/TCB 
Lifetime >10 y at 250-300C > 6 months at 460C  
Feasibility for LLISSE No No No Yes 

 

Schematic	view	of	two	stacks	(5	cells	for	each	stack)	(b)	cross	
section	view	of	each	single	cell	of	HiTTAP-NaNi	batteries.

Comparison	of	HiTTAP-NaNi	with	other	High	Temperature	Batteries

Would	support	long-term	(>6	months)	exploration	on	the	surface	of	Venus TRL:	3
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